Introduction
============

Glioblastoma (GBM) is one of the malignant tumors with high recurrence rate and worst prognosis in humans ([@b1-ol-0-0-11231],[@b2-ol-0-0-11231]). As the mechanism of its development and invasion remains poorly understood, its treatment regimens are still limited. The median survival is \<2 years, although the best optimal treatment has been provided ([@b1-ol-0-0-11231],[@b2-ol-0-0-11231]). Thus, a new treatment strategy should be established. GBM is associated with a variety of genetic and epigenetic changes, and these risk factors induce tumor development and progression. Based on this, various therapeutic strategies such as epigenetic drugs, micro-RNAs, and gene editing are considered ([@b3-ol-0-0-11231],[@b4-ol-0-0-11231]).

Recently, cancer has been thought to be heterogeneous, comprising cancer stem cells (CSCs) with self-renewal ability and multipotency. CSCs produce cancer cells with differentiated potential ([@b5-ol-0-0-11231],[@b6-ol-0-0-11231]). The heterogeneity of cancer has been known to be associated with resistance to chemotherapy and radiotherapy. The treatment strategies for CSCs, which are involved in treatment resistance, are attracting attention ([@b7-ol-0-0-11231]). Previous studies showed that cells corresponding to CSCs also exist in GBM ([@b8-ol-0-0-11231]--[@b10-ol-0-0-11231]). Therefore, to realize the long-term survival and GBM treatment, the development of therapies targeting glioma stem-like cells (GSCs) has been considered important ([@b11-ol-0-0-11231],[@b12-ol-0-0-11231]). Various strategies targeting GSCs have been investigated ([@b13-ol-0-0-11231]--[@b15-ol-0-0-11231]), including those targeting the vascular niche in GSCs ([@b13-ol-0-0-11231],[@b16-ol-0-0-11231]); specific cell surface molecules in GSCs, such as CD133 ([@b9-ol-0-0-11231],[@b17-ol-0-0-11231]) and L1CAM ([@b18-ol-0-0-11231]); and specific signaling pathways in GSCs, such as RTK-Akt ([@b19-ol-0-0-11231]--[@b21-ol-0-0-11231]) and Notch signaling ([@b22-ol-0-0-11231]). This study focused on strategies targeting GSCs through the induction of differentiation, which is different from those in a previous study. Bone morphogenetic protein 4 (BMP4) is one of the most important factors in cell dynamics. BMP is a member of the transforming growth factor beta (TGF-β) family and plays a very important role in regulating cell proliferation, differentiation, and development in various biological systems ([@b23-ol-0-0-11231]--[@b27-ol-0-0-11231]). Interestingly, evidences that BMP4 can promote differentiation of GBM cells have been increasing ([@b28-ol-0-0-11231]--[@b31-ol-0-0-11231]). Moreover, dysfunction of the BMP pathway in GSCs has also been reported ([@b28-ol-0-0-11231]--[@b31-ol-0-0-11231]). Furthermore, BMP4 has been reported to inhibit the tumorigenic potential through GSC differentiation as well as proliferation suppression ([@b31-ol-0-0-11231]).

CSCs balance self-renewal ability and multipotency in order to adapt to various environments. CSCs divide into two daughter cells using one of the two types of cell division: asymmetric cell division (ACD) or symmetric cell division (SCD) ([@b32-ol-0-0-11231],[@b33-ol-0-0-11231]). With ACD, one CSC divides into one differentiated cell and one self-renewing stem cell, whereas with SCD, one CSC divides into two equal CSCs. SCD is advantageous for CSC expansion in the tumor tissue. The concept termed 'ACD therapy' suppresses CSC symmetric cell division (self-renewal ability) and inhibits CSC expansion. Thus, 'ACD therapy' may be established as a new strategy for the treatment of cancer.

The present study aimed to examine GSCs\' cell division pattern under BMP4 treatment. Herein, we present the evidence that BMP4 induces GSCs\' ACD by inhibiting its self-renewal ability.

Materials and methods
=====================

### Cell culture

Patient-derived GSC MGG8 was obtained from Massachusetts General Hospital as previously described ([@b34-ol-0-0-11231]). Cells were maintained in the stem cell culture medium \[Neurobasal medium (Gibco; Invitrogen), supplemented with 3 mM of L-glutamine (Cellgro), B27 supplement (Gibco; Invitrogen), N2 supplement (Gibco; Invitrogen), heparin (Sigma), penicillin/streptomycin/amphotericin B (Cellgro), human recombinant FGF-2 (Peprotech) for final 20 ng/ml, human recombinant EGF (R and D systems) for final 20 ng/ml\]. Furthermore, cells were cultured in an atmosphere containing 5% CO~2~ at 37°C. Recombinant human bone BMP-4 was purchased from R&D Systems.

### Antibodies

Primary antibodies used were as follows: Anti-CD133 (W6B3C1) \[1:10 for immunofluorescence (IF), 1:100 for immunoblotting (WB), 130-092-395, Miltenyi Biotec\], anti-Smad1 (1:1,000 for WB, cat. no. 9743; Cell Signaling Technology), anti-phospho-Smad1/5/9 (1:1,000 for WB, cat. no. 13820; Cell Signaling Technology), anti-Smad4 (1:1,000 for WB, 1:500 for IF, cat. no. 46535; Cell Signaling Technology), anti-PCNA (1:1,000 for WB, NB100-456; Novus Biologicals), anti-tubulin (1:1,000 for WB, T5326; Sigma-Aldrich), anti-GAPDH (1:1,000 for WB, 60004-1-Ig; Proteintech), and anti-MKLP-1 (1:100 for IF, sc-867; Santa Cruz Biotechnology). Horseradish peroxidase-labeled secondary antibodies were purchased from the General Electric (GE) Healthcare and used at 1:10,000. Fluorescence-labeled Alexa secondary antibodies used in this study were obtained from Molecular Probes and used at 1:500.

### Flow cytometry

Cell surface antigen expressions were analyzed using flow cytometry. CD133/1-PE (Miltenyi Biotec) and mouse IgG1-PE isotype control antibody (Miltenyi Biotec) were used according to manufacturer\'s instructions. MGG8 was incubated with these antibodies for 10 min at 4°C and then washed and analyzed using a MACSQuant Analyzer (Miltenyi Biotec).

### RNA extraction and reverse transcription-quantitative PCR (qPCR)

The total RNA was extracted using RNeasy Mini kit from Qiagen according to the manufacturer\'s instructions. RNA was reverse transcribed using the Omniscript Reverse Transcription kit (Qiagen). The following primer sequences were used for PCR: CD133 (PROM1) sense 5′-agtggcatcgtgcaaacgata-3′ and antisense 5′-ctccgaatccattcgacgata-3′ and GAPDH (internal control) sense 5′-gcaccgtcaaggctgagaac-3′ and antisense 5′-tggtgaagacgccagtgga-3′. The qPCR reactions were performed on the Step One Plus (Applied Biosystems) using the Power Up SYBR Green Master Mix (Applied Biosystems). Cycling conditions were initial denaturation at 95°C for 10 min, then 40 cycles at 95°C for 15 sec and 60°C for 1 min.

### Immunoblotting

Cells were lysed in the SDS/Nonidet P-40 lysis buffer \[1% SDS, 1% Nonidet P-40, 50 mM Tris (pH 8.0), 150 mM NaCl, 2 µg/ml leupeptin, 2 µg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM NaF, and 100 µM Na~3~VO~4~\]. Nucleus and cytosol protein fractions were extracted using Nuclear/Cytosol Fractionation kit (BioVision). The lysates were boiled for 5 min and then cleared by centrifugation at 15,000 rpm and 4°C. A Bradford protein assay reagent (BioRad) was used to determine the protein concentration of supernatants. Lysates were further boiled for 5 min in the sample buffer. Then, samples were resolved using the SDS-PAGE and transferred onto Immobilon-P (Millipore Corp.) sheets. Blots were first incubated in blocking buffer \[5% (w/v) nonfat dry milk in Tris-buffered saline (TBS) plus 0.05% Tween 20\] for 30 min. Then, they were incubated with a primary antibody for 16 h at 4°C, followed by incubation with a horseradish peroxidase-conjugated secondary antibody for 30 min at room temperature (RT). The ECL-plus chemiluminescence (GE Healthcare) was used to visualize antibody-antigen complex.

### Indirect immunofluorescence and cell imaging

Cells grown on coverslips were briefly washed with phosphate-buffered saline (PBS) three times, and then fixed with 4% paraformaldehyde for 15 min at RT or ice cold methanol for 20 min at −20°C. A 1% NP-40 in PBS solution was used to treat the cells for 10 min, which were incubated with blocking solution (15% bovine serum albumin in PBS) for 1 h. The cells were then probed with primary antibodies for 1 h at 37°C, and antibody-antigen complexes were detected with either Alexa Fluor 594- or Alexa Fluor 488-conjugated donkey secondary antibody by incubation for 1 h at RT. The samples were washed three times with TBS after each incubation and then counterstained with 4′,6′-diamidino-2-phenylindole. Immunostained cells were examined under a fluorescence microscope (Olympus IX73, Tokyo, Japan) using a 100× or 60× objective lens. Fluorescence images were captured using a CCD camera (Olympus, DP27) and processed with Adobe Photoshop CC and ImageJ.

### Mitotic analysis

TrypLE Express (Thermo Fisher) was used to separate sphere-cultured cells. Mitotic cells were collected by settling onto poly-L-lysine-coated coverslips at the bottom of 6-well plates using a centrifugation at 1,200 rpm. for 5 min at RT. For immunofluorescence analysis, cells were fixed, blocked, and stained as described. Cells in the late telophase (cytokinesis) were counted. ImageJ was used to measure the fluorescence intensity of a given staining for the two dividing daughter cells. For these values, the asymmetry cutoff was set with \>25% difference between the daughter cells ([@b35-ol-0-0-11231]). Values from these three independent experiments were summarized using frequencies and percentiles.

### Sphere formation assay

Sphere-cultured MGG8 cells were suspended in the stem cell culture medium at a density of 2.5×10^3^ cells/ml, and 400 µl of the cell suspension were transferred to each well in a non-coated 96-well plate. The spheres were counted after 3 days. Then, a hemocytometer was used to determine the cell number, and the dye exclusion method (0.1% trypan blue) was used determine the viability. MGG8 spheres of \>50 µm were counted. Values from three independent experiments were summarized.

### Statistical analysis

All statistical analyzes were performed using the JMP Pro. The unpaired Student\'s t test was used to compare the experimental groups, owing to the binary nature of data sets. P\<0.05 was considered to indicate a statistically significant difference. Data are presented as the mean ± SEM.

Results
=======

### MGG8 cells responses in the BMP4-Smads pathway

First, MGG8 cells were confirmed to stably perform the sphere-forming activity under GBM cancer stem-like cell-specific tissue culture conditions ([Fig. 1A](#f1-ol-0-0-11231){ref-type="fig"}). MGG8 cells successfully continued showing cell proliferation by forming tumor spheres. When BMP4 binds to the BMP receptor, Smad1/5/8 are phosphorylated. Furthermore, the phosphorylated Smad1/5/8 forms a complex with Smad4 and then transmits a signal into the nucleus. The activated Smads regulate various biological effects, such as tissue homeostasis in cooperation with transcription factors, and perform transcriptional control for a specific cell state ([@b23-ol-0-0-11231]). Western blotting showed Smad1 phosphorylation under BMP4 treatment in MGG8 cells ([Fig. 1B and C](#f1-ol-0-0-11231){ref-type="fig"}). Then, to confirm that Smads complex were transmitting signals into the nucleus, an immunofluorescence stained experiment for Smad4 was performed. As expected, Smad4 was localized into the nucleus under the BMP4 treatment ([Fig. 1D](#f1-ol-0-0-11231){ref-type="fig"}). Futhermore, the western blotting of Smad4 in nucleus and cytosol fractions showed that Smad4 in the nuclear fraction increases under BMP4 treatment in MGG8 cells ([Fig. 1E](#f1-ol-0-0-11231){ref-type="fig"}). These findings indicate that MGG8 cells may respond to BMP4-Smads pathway, the main pathway of BMP signaling.

### BMP4 causes downregulation of CD133 expression in MGG8 cells

Sphere-cultured MGG8 cells were treated with BMP4 for 72 h. Then, the CD133 expression was considered as stemness indicator ([@b36-ol-0-0-11231],[@b37-ol-0-0-11231]). Flow cytometry analysis showed that MGG8 cells expressed CD133 antigens and that BMP4 treatment resulted in a cell population with low expression levels of CD133 antigen ([Fig. 2A](#f2-ol-0-0-11231){ref-type="fig"}). Real-time PCR was performed as quantitative gene expression analysis. As a result, the gene expression of CD133 was reduced in MGG8 cells under BMP4 treatment (P=0.006; [Fig. 2B](#f2-ol-0-0-11231){ref-type="fig"}). Furthermore, western blotting was used to examine the expression levels of CD133 protein. BMP4 treatment caused CD133 protein downregulation in MGG8 cells. Therefore, upon BMP4 exposure, CD133 expression in MGG8 cells was reduced ([Fig. 2C](#f2-ol-0-0-11231){ref-type="fig"}). These findings indicate that BMP4 exposure causes downregulation of CD133 expression in MGG8 cells.

### Mitotic image analysis

Mitotic kinesin-like protein 1 (MKLP1) is specifically accumulated at the central part of microtubules (Fleming body) in the late telophase/cytokinesis ([@b38-ol-0-0-11231]). Therefore, an immunostaining experiment was performed using an anti-MKLP1 antibody (green fluorescence) in MGG8 cells. In the early telophase, no specific MKLP1 accumulation was observed. However, in its later stage, MKLP1 was specifically accumulated at the midbody, known as a Fleming body ([Fig. 3](#f3-ol-0-0-11231){ref-type="fig"}). Therefore, MKLP1 immunostaining was used as a cytokinesis marker for further evaluation.

### CD133-based ACDs induced by BMP4 in MGG8 cells

Next, whether BMP4 treatment induces ACD in MGG8 cells was examined. Representative immunostaining images in ACD and symmetric cell division in MGG8 cells are shown in [Fig. 4A](#f4-ol-0-0-11231){ref-type="fig"}. The asymmetry cutoff ratio was set as \>25% difference between the daughter cells ([@b35-ol-0-0-11231]). While the ACD ratio was found to be 23% (ACD/total cell divisions: 20/86) in the control cells, it was 38% (33/88) in cells treated with BMP4 (P=0.004). Thus, BMP4 induced ACD in MGG8 cells ([Fig. 4B](#f4-ol-0-0-11231){ref-type="fig"}). MKLP1 level with or without BMP4 treatment were compared using western blotting. In this experiment, the expression of MKLP1 under BMP4 treatment was not affected ([Fig. 4C](#f4-ol-0-0-11231){ref-type="fig"}).

### BMP4 signal suppressing sphere-forming ability in MGG8 cells

Finally, whether BMP4 treatment affects self-renewal division in MGG8 cells was evaluated using the sphere assay. After a 3-day of BMP4 treatment, the large spheres of \>50 µm in diameter were counted ([Fig. 5A and B](#f5-ol-0-0-11231){ref-type="fig"}). Interestingly, those treated with BMP4 showed significantly low number of spheres as compared with control ([Fig. 5A and B](#f5-ol-0-0-11231){ref-type="fig"}). This finding strongly suggests that BMP4 can suppress the self-renewal capability (symmetric cell division) of MGG8 cells.

Discussion
==========

BMP4 has been shown to suppress CD133 expression and reduce the number of CD133-positive cells in GSCs (MGG8 cells). Furthermore, the mechanism underlying the CD133 inhibitory effects of BMP4 in GSCs mainly focused on cell division in this study. Cells at late telophase/cytokinesis showed the proportion of asymmetric division, and those with asymmetrically distributed CD133 increased with BMP4 treatment. These results indicate that the number of CD133-positive cells is suppressed with BMP4 treatment in GSCs.

BMP4 can inhibit cell proliferation and induce the expression of neural differentiation markers without affecting cell viability ([@b29-ol-0-0-11231],[@b31-ol-0-0-11231]). BMP4 also promotes cell differentiation in GSCs both in vitro and in vivo ([@b29-ol-0-0-11231],[@b31-ol-0-0-11231]). Therefore, BMP4 and its signaling pathway, Smad pathway, can strongly be promising targets for differentiation therapy ([@b31-ol-0-0-11231]). Moreover, in our in vitro studies, BMP4 reduced the CD133-positive cell ratio in GSCs and its sphere-forming ability. Therefore, BMP4 treatment may improve the chemotherapeutic effects. BMP4 expression is downregulated in GBM as compared to normal brain in human samples ([@b28-ol-0-0-11231]), suggesting that this downregulation may cause drug resistance. BMP4 reverses drug resistance, such as temozolomide, by regulating the B-cell lymphoma 2(BCL-2) and glial cell-derived neurotrophic factor ([@b39-ol-0-0-11231]). Thus, BMP4 may act as an important inhibitory regulator of glioma tumorigenesis to improve the therapeutic efficacy combined with conventional chemotherapy and radiation therapy ([@b31-ol-0-0-11231],[@b39-ol-0-0-11231],[@b40-ol-0-0-11231]).

Several studies have reported that CD133-positive GBM cells can effectively form tumors ([@b36-ol-0-0-11231],[@b37-ol-0-0-11231],[@b41-ol-0-0-11231]). Studies have also been conducted to characterize the isolated cell population, using an anti-CD133 antibody as a specific cell surface marker to isolate CSCs ([@b42-ol-0-0-11231]). However, the antibodies routinely used as cell surface markers for CD133 target poorly specific glycoprotein epitopes, and skeptical arguments exist in using CD133 as a cell surface marker for CSCs ([@b26-ol-0-0-11231]). Recently, studies have been focusing on the functional analysis of CD133 itself. The phosphorylation of tyrosine-828 residue in CD133 C-terminal cytoplasmic domain results in the activation of PI3K/Akt pathway, which promotes GSC self-renewal and tumorigenesis ([@b43-ol-0-0-11231]). Furthermore, the role of CD133 in maintaining the undifferentiated state of cancer cells has recently been reported by inhibiting autophagy. That is, when CD133 is not phosphorylated by Src, CD133 is preferentially transported to the centrosome through the intracellular transport, and trap GABARAP, resulting in autophagy inhibition ([@b44-ol-0-0-11231]). These findings not only facilitate understanding the functional role of CD133 itself but also suggest the CD133 and its regulatory mechanisms as attractive therapeutic targets.

CSCs balance self-renewal and multipotency using the ACD/SCD proportion and adapt to various environments. ACD/SCD proportion is deeply involved in the maintenance of stemness of tumor tissue and proliferation of cancer cells ([@b32-ol-0-0-11231],[@b33-ol-0-0-11231],[@b45-ol-0-0-11231]). Researchers believe that as CSCs become more malignant, they become more likely to divide symmetrically. Since SCD produces both two daughter CSCs, SCD leads to effectively the expansion of the CSC population ([@b33-ol-0-0-11231],[@b45-ol-0-0-11231]--[@b48-ol-0-0-11231]). The concept of ACD therapy, which suppresses CSCs symmetrical division and inhibits CSCs expansion, may establish a new strategy for cancer treatment.

Loss of function of the tumor suppressor gene *TP53* has been shown to promote stemness maintenance ([@b49-ol-0-0-11231]). A recent study using a mammary cancer model that used PKH fluorescent dye labeling for stem cell mitotic analysis, showed that loss of p53 activity can induce a shift from ACD to SCD, thereby contributing to tumor growth ([@b46-ol-0-0-11231]). This study assumes that PKH-high cells have the greater stemness and the higher tumorigenic potential. In GBM, TRIM3 expression also attenuates the stemness of GSCs. In fact, TRIM3 expression suppresses both sphere formation and expression of stem cell markers such as CD133, Nestin, and Nanog. TRIM3 expression leads to a larger proportion of ACD rather than SCD ([@b47-ol-0-0-11231]). These studies assume that PKH-high cell have the greater stemness and the higher tumorigenic potential ([@b46-ol-0-0-11231],[@b47-ol-0-0-11231]). However, mitotic analysis using the PKH staining is not accompanied with analysis of cancer stem cell markers. On the other hand, we examined the mode of cell division using CD133, one of the most common markers of GSCs, and provided more direct evidence that BMP4 induces to ACD and suppresses self-renewal ability.

Although our study have been limited to in vitro experiments and have not clarified the effects of BMP4 *in vivo*, recent study shows that BMP4 reduces tumorigenic potential through the suppression of proliferation and the differentiation of GSCs ([@b31-ol-0-0-11231]). Therefore, our research approach may be also useful for further in vivo study. In conclusion, BMP4 induces ACD and suppresses self-renewal ability. This finding may provide a new perspective on how BMP4 reduces the tumorigenicity of GSCs.
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![Smad signaling pathway is activated in the presence of BMP4 in MGG8 cells. (A) MGG8 spheres in the stem cell culture medium are presented. Scale bar, 100 µm. (B) Immunoblot analysis of Smad1 and phospho-Smad1 in MGG8 cells with or without BMP4 treatment. Immunoblot analysis of GAPDH as a loading control. (C) Quantitative expression analysis of p-Smad1 in MGG8 cells with or without BMP4 treatment. (D) Representative immunostaining images of Smad4 in MGG8 cells with or without BMP4 treatment. Smad4 is green and DAPI (DNA) is blue. Arrowheads show the nuclear localization of Smad4. Scale bar, 10 µm. (E) Immunoblot analysis of Smad4. Immunoblot analysis of tubulin (cytosol) and PCNA (nucleus) as a loading control. A total of two subcellular protein fractions (cytosol and nucleus fractions) were extracted from MGG8 cells with or without BMP4 treatment (100 ng/ml for 3 days). p, phosphorylated; BMP4, bone morphogenetic protein 4; PCNA, proliferating cell nuclear antigen.](ol-19-02-1247-g00){#f1-ol-0-0-11231}

![BMP4 treatment causes downregulation of CD133 expression in MGG8 cells. (A) Flow cytometry analysis of CD133 expression in MGG8 cells with or without BMP4 treatment (100 ng/ml for 3 days). Light green and light blue are the IgG1-PE isotype control. Green and blue are CD133-PE. (B) Quantitative PCR analysis of CD133 mRNA expression in MGG8 cells with or without BMP4 treatment (100 ng/ml for 3 days). Data are presented as the mean ± SEM from three experiments. \*P=0.006. (C) Immunoblot analysis of CD133 in MGG8 cells with or without BMP4 treatment (100 and 1,000 ng/ml for 3 days). Immunoblot of GAPDH as a loading control. BMP4, bone morphogenetic protein 4; PE, phycoerythrin.](ol-19-02-1247-g01){#f2-ol-0-0-11231}

![Representative immunostaining images in MGG8 cells during telophase and late telophase/cytokinesis. MKLP1 is green and DAPI (DNA) is blue. Phase-contrast images are also presented (right). MKLP1 (arrowhead) shows the Fleming body in the late telophase/cytokinesis. Scale bar, 10 µm. MKLP1, mitotic kinesin-like protein 1.](ol-19-02-1247-g02){#f3-ol-0-0-11231}

![CD133-based ACD were induced by BMP4 in MGG8 cells. (A) Representative immunostaining images in the ACD and symmetric cell division in MGG8 cells. CD133 is red, MKLP1 is green, and DAPI (DNA) is blue. Merged and phase-contrast images are also presented. The signal intensity of CD133 in each daughter cell is also shown as a three-dimensional figure. Scale bar, 10 µm. (B) Immunoblot analysis of MKLP1 in MGG8 cells with or without BMP4 treatment. Immunoblot analysis of GAPDH as a loading control. (C) Quantification of cells using the ACD in MGG8 cells with or without BMP4 treatment. Data are presented as the mean ± SEM from three experiments. \*P=0.0004. BMP4 treatment consisted of 100 ng/ml for 3 days. MKLP1, mitotic kinesin-like protein 1; ACD, asymmetric cell divisions; BMP4, bone morphogenetic protein 4.](ol-19-02-1247-g03){#f4-ol-0-0-11231}

![Sphere formation assay in MGG8 cells with or without BMP4 treatment. (A) MGG8 cells were cultured in the absence or presence of BMP4 (100 ng/ml for 3 days). MGG8 spheres cultured under each condition were shown. Scale bar, 100 µm. (B) Quantification of the number of spheres. MGG8 spheres of \>50 µm diameter were counted. The number of spheres is indicated by 'n=94 \[BMP4 (−)\]' and 'n=55 \[BMP4 (+)\]'. Data are presented as the mean ± SEM from three experiments. \*P=0.0009. BMP4, bone morphogenetic protein 4.](ol-19-02-1247-g04){#f5-ol-0-0-11231}
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